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CATHETER SLIT VALVES 

Technical Field 

[0001] The invention generally relates to medical infusion and aspiration of fluids through a 
catheter, and in particular to improved catheter slit valves for medical fluid infusion and 
aspiration. 

Background Information 
[0002] Infusion of fluid into the body or aspiration of fluid from the body is often performed 
with a catheter inserted beneath the skin. The catheter has a lumen through which fluid can flow. 
In some designs, the lumen is closed at the insertion end of the catheter and fluid communication 
between the body environment outside the catheter and the lumen is controlled by a slit through 
the catheter wall, which acts as a valve. The closed end of the catheter prevents the free 
migration of fluids into the lumen and retains the fluid content of the lumen, thereby reducing 
development of occlusions or other complications. In some designs, the catheter has a hub on the 
end outside the body, which can be connected to a syringe for infusion and/or aspiration of fluids 
to and from the body. The fluids are infused or aspirated by increasing or decreasing the pressure 
inside the lumen. 

[0003] For infusion, the fluid pressure inside the lumen is increased to force the catheter 
body adjacent the slit to flex outwardly, separating the opposing faces of the slit, and forming an 
aperture through which fluid may pass to the body environment. For aspiration, the pressure 
inside the lumen is decreased to force the catheter body adjacent the slit to collapse inwardly, 
forming an aperture through which fluid may flow into the lumen. At neutral pressures, the 
catheter body assumes an unflexed condition in which the faces of the slit are opposed, which 
forms a seal to prevent infusion or aspiration. 

[0004] A valve can be made to permit infusion only, aspiration only, or both infusion and 
aspiration. A valve that operates for infusion only can be formed by making the slit in a convex 
catheter wall portion, since the convex shape facilitates flexing outwardly while resisting flexing 
inwardly. A valve that operates for aspiration only can be formed by making the slit in a concave 
wall portion which facilitates flexing inwardly while resisting flexing outwardly. A flat wall 
portion facilitates flexing in either direction and can be used to form a two-direction valve. 
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[0005] A two-direction valve may also be formed by chemical weakening of the catheter wall 
adjacent the slit, which facilitates flexing in both directions so that the valve works smoothly 
during infusion and aspiration. The lumen may also be shaped with a linear side that terminates 
to form regions of reduced catheter wall thickness. The regions act as hinges at which inward 
and outward flexing is enhanced and the area between the regions may have a greater wall 
thickness to facilitate sealing. The catheter may also have multiple valves and multiple lumens. 
[0006] The foregoing slit valves suffer from a number of limitations. For example, the 
narrow valve opening makes it difficult to aspirate blood out of a vein and restricts infusion, e.g., 
fluid flow into the vein. Also, the foregoing valves can require high pressure differentials to 
operate and do not always actuate reliably. 

Summary of the Invention 
[0007] The improved catheter slit valves of the invention use nonradial slits to address the 
problems found with conventional radial slit valves, e.g., difficulty in aspiration. The nonradial 
slit valves are more efficient than radial slit valves, because the geometry of the nonradial slit 
allows the catheter material to move apart with less interference or friction from the opposing 
wall. For example, the nonradial slit allows for easier aspiration by reducing the pressure 
required to open the valve, because less displacement of the wall is required to move the adjacent 
wall segments apart, 

[0008] In addition, other variations of the improved catheter slit valves allow for easier 
infusion and/or aspiration and greater flow. For example, dual slit variations create a more 
flexible portion of the catheter wall which must move in order to aspirate and provide up to twice 
the open area of a single slit, for infusion and/or aspiration. Nonlinear slits make for more 
flexible wall portions that can be more easily moved under similar internal pressures, as well as 
providing larger apertures for fluid flow when activated. Also, radial and nonradial slits can be 
used with catheters having protuberances disposed thereon. The slit is disposed adjacent or 
through the protuberance, and the protuberance acts to either stiffen one side of the valve or alter 
the effect of the pressure vectors on the opening and closing of the valve. For a slit disposed 
adjacent a protuberance, the protuberance will stiffen one side of the slit while the opposite side 
will yield reliably giving a more defined aperture. 
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[0009] In one aspect, the invention relates to a medical device including an elongate catheter 
including an external surface and one or more internal surfaces defining an internal lumen that 
extends longitudinally along at least a portion of the elongate catheter and a nonradial slit 
extending from the external surface to the one or more internal surfaces and into communication 
with the internal lumen. 

[0010] In some embodiments the slit is generally longitudinally disposed on the elongate 
catheter and is either linear or nonlinear. A nonlinear slit may include at least one angle or be 
curved. The curved slit may have a radius between about 0.10 and about 0.50 inches. In 
additional embodiments, the device includes a second nonradial slit extending through the 
external surface to the at least one internal surface and into communication with the internal 
lumen. Also, the lumen may be eccentric with respect to the external surface of the elongate 
catheter and the elongate catheter may include a second lumen. In the embodiment where the 
lumen is eccentric, the slit is preferably disposed in an area of the catheter having a thickened 
wall portion. Further, the elongate catheter may include a laminate disposed on the external 
surface extending from the slit up to about 225 degrees from the slit. Preferably, the laminate is 
disposed from about 45 degrees to about 225 degrees from the slit. 

[0011] In another aspect, the invention relates to a medical device including an elongate 
catheter including an external surface and one or more internal surfaces defining an internal 
lumen that extends longitudinally along at least a portion of the elongate catheter, a protuberance 
disposed on the elongate catheter, and a nonradial slit extending from the external surface, 
through the protuberance to the one or more internal surfaces, and into communication with the 
internal lumen. 

[0012] In some embodiments the protuberance and slit are generally longitudinally disposed 
on the catheter body. The protuberance is disposed on the external surface of the elongate 
catheter or the at least one internal surface of the elongate catheter or both. In some other 
embodiments, the device includes a second protuberance disposed on the elongate catheter and a 
second nonradial slit extending from the external surface, through the second protuberance to the 
at least one internal surface, and into communication with the internal lumen. Also, the first and 
second protuberances may be disposed opposite each other. 
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[0013] In yet another aspect, the invention relates to a medical device including an elongate 
catheter including an external surface and one or more internal surfaces defining an internal 
lumen that extends longitudinally along at least a portion of the elongate catheter, a protuberance 
disposed on the elongate catheter, and a slit disposed adjacent the protuberance. The slit extends 
from the external surface to the one or more internal surfaces, and into communication with the 
internal lumen. 

[0014] In some embodiments the protuberance and slit are generally longitudinally disposed 
on the catheter body, and the protuberance is disposed on the external surface of the elongate 
catheter or the at least one internal surface of the elongate catheter or both. In some other 
embodiments, the device includes a second protuberance disposed on the elongate catheter and a 
second slit disposed adjacent the second protuberance and extending from the external surface to 
the at least one internal surface and into communication with the internal lumen. Also, the first 
and second protuberances may be disposed opposite each other and the slits may be nonradial 
[0015] In still another aspect, the invention relates to a medical device including an elongate 
catheter including an external surface and at least two internal surfaces defining two internal 
lumens that extend longitudinally along at least a portion of the elongate catheter, a first 
protuberance disposed on the elongate catheter and a first slit disposed adjacent the first 
protuberance and extending from the external surface to one of the internal surfaces, and into 
communication with the first internal lumen, and a second protuberance disposed on the elongate 
catheter and a second slit disposed adjacent the second protuberance and extending from the 
external surface to another of the internal surfaces, and into communication with the second 
internal lumen. 

[0016] In some embodiments the protuberances and slits are generally longitudinally 
disposed on the catheter body, and the protuberances may be disposed on the external surface of 
the elongate catheter or the at least one internal surface of the elongate catheter or both. Also, the 
first and second protuberances may be disposed opposite each other and the slits may be 
nonradial. 

[0017] In yet another aspect, the invention relates to a medical device including an elongate 
catheter defining a first lumen that extends longitudinally along at least a portion of the elongate 
catheter, a cap disposed at a distal end of the elongate catheter and including an external surface 



and at least one internal surface defining a second lumen, and a nonradial slit that extends from 
the external surface of the cap to the at least one internal surface of the cap and into 
communication with the first and second lumens. 

[0018] Still a further aspect of the invention relates to a medical device including an elongate 
catheter including an external surface and at least two internal surfaces defining two internal 
lumens that extend longitudinally along at least a portion of the elongate catheter, a first 
nonradial slit extending from the external surface to one of the internal surfaces and into 
communication with the first internal lumen, and a second nonradial slit extending from the 
external surface to another of the internal surfaces and into communication with the second 
internal lumen. 

[0019] In various embodiments the nonradial slit forms an included angle with a radial line 
between about 1 degree and about 179 degrees, preferably between about 10 degrees and about 
40 degrees, and more preferably about 30 degrees. In some embodiments, the slit is between 
about 0.06 and about 1 .0 inches in length, preferably between about 0.12 and about 0.75 inches, 
and more preferably between about 0.15 and about 0.40 inches. In some embodiments, the 
elongate catheter has a generally circular, oval, or rectangular cross-section and may have 
multiple lumens. In some embodiments having a second slit, the first and second slits are 
preferably symmetrical about a radial line and are arranged so as to converge at a point external 
to the elongate catheter. In other embodiments having a second slit, the first and second slits are 
symmetrical about a radial line and are arranged so as to diverge from a point external to the 
elongate catheter. 

[0020] In another aspect, the invention relates to a medical device including an elongate 
catheter including an external surface and at least one internal surface defining an internal lumen 
that extends longitudinally along at least a portion of the elongate catheter and a compound slit 
extending from the external surface to the at least one internal surface and into communication 
with the internal lumen. In some embodiments, the compound slit is disposed at a distal end of 
the catheter and the catheter slit valve includes a collar disposed at the distal end of the catheter. 
[0021] In yet another aspect, the invention relates to a medical device including an elongate 
catheter defining a first lumen that extends longitudinally along at least a portion of the elongate 
catheter, a cap disposed at a distal end of the elongate catheter and including an external surface 
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and at least one internal surface defining a second lumen, and a compound slit that extends from 
the external surface of the cap to the at least one internal surface of the cap and into 
communication with the first and second lumens. 

[0022] In various embodiment of the two foregoing aspects, the compound slit is a tricuspid, 
T-shaped, cross-shaped, or double T-shaped. Also, the catheter and/or cap may include 
additional internal lumens, and may include a second compound slit. 

[0023] In another aspect, the invention relates to a medical device that includes an elongate 
catheter defining an open distal end and a first lumen that extends longitudinally from the open 
distal along at least a portion of the elongate catheter, a cap disposed at the distal end of the 
elongate catheter, and a slit. The cap includes a proximal portion, an external surface, and at 
least one internal surface, and defines a second lumen and at least one slot in the proximal 
portion. The slit extends from the external surface of the cap to the at least one internal surface 
of the cap and into communication with the first and second lumens. In various embodiments, 
the slit is radial, nonradial, or a compound slit. Also, the open distal end of the catheter can be 
collapsible and the catheter has a wall thickness that tapers down in an area about the open distal 
end. 

[0024] These and other objects, along with advantages and features of the present invention 
herein disclosed, will become apparent through reference to the following description, the 
accompanying drawings, and the claims. Furthermore, it is to be understood that the features of 
the various embodiments described herein are not mutually exclusive and can exist in various 
combinations and permutations. 

Brief Description of the Drawings 
[0025] In the drawings, like reference characters generally refer to the same parts throughout 
the different views. Also, the drawings are not necessarily to scale, emphasis instead generally 
being placed upon illustrating the principles of the invention. In the following description, 
various embodiments of the present invention are described with reference to the following 
drawings in which: 

• FIG. 1 is a side view, in partial cross-section, of a catheter in a vessel; 

• FIG. 2B is a partial elevation of a catheter with a radial slit valve and FIG. 2A is a 
cross-sectional view of the catheter and slit valve of FIG. 2B taken at line 2A-2A; 
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FIG. 3B is a partial elevation of one embodiment of a catheter with a linear nonradial 
slit valve and FIG. 3 A is a cross-sectional view of the catheter and slit valve of FIG. 
3B taken at line 3A-3A; 

FIG. 4A is a cross-sectional view of a catheter with a linear nonradial slit valve during 
infusion, and FIG. 4B is a cross-sectional view of a catheter with a linear radial slit 
valve during infusion; 

FIG. 5B is a partial elevation of one embodiment of a catheter with two linear 
nonradial slit valves and FIG. 5A is a cross-sectional view of the catheter and slit 
valves of FIG. 5B taken at line 5A-5A; 

FIG. 6B is a partial elevation of another embodiment of a catheter with two linear 
nonradial slit valves and FIG. 6A is a cross-sectional view of the catheter and slit 
valves of FIG. 6B taken at line 6A-6A; 

FIG. 7B is a partial elevation of one embodiment of a catheter with a nonlinear 
nonradial slit valve and FIG. 7A is a cross-sectional view of the catheter and slit valve 
of FIG. 7B taken at line taken at line 7A-7A; 

FIGS. 8B and 8C are partial elevations of alternate embodiments of a catheter with a 
nonlinear nonradial slit valve and FIG. 8A is a schematic cross-sectional view of the 
catheter and slit valve of FIG. 8B or 8C taken at line 8A-8A; 
FIG. 9B is a partial elevation of one embodiment of a catheter with two nonlinear 
nonradial slit valves and FIG. 9A is a cross-sectional view of the catheter and slit 
valves of FIG. 9B taken at line 9A-9A; 

FIG. 1 OB is a partial elevation of one embodiment of a catheter with two linear, 
offset, nonradial slit valves and FIG. 1 OA is a cross-sectional view of the catheter and 
slit valves of FIG. 10B taken at line 10A-10A; 

FIG. 1 1 is a cross-sectional view of one embodiment of a catheter with two lumens 
and two nonradial slit valves in each lumen; 

FIG. 12 is a cross-sectional view of another embodiment of a catheter with two 
lumens and two nonradial slit valves in each lumen; 

FIG. 1 3 is a cross-sectional view of yet another embodiment of a catheter with two 
lumens and two nonradial slit valves in each lumen; 
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• FIG. 14 is a cross-sectional view of one embodiment of a catheter with two offset 
lumens and two nonradial slit valves, one valve disposed in each lumen; 

• FIGS. 15A-1 5C are cross-sectional views of a catheter with a nonradial slit valve 
during various stages of operation; 

• FIG. 16B is a partial elevation of one embodiment of a catheter with a linear 
nonradial slit valve and a laminate disposed thereon and FIG. 16A is a cross-sectional 
view of the catheter and slit valve of FIG. 16B taken at line 16A-16A; 

• FIG. 17B is a partial elevation of another embodiment of a catheter with a linear 
nonradial slit valve and a laminate disposed thereon and FIG. 17A is a cross-sectional 
view of the catheter and slit valve of FIG. 17B taken at line 17A-17A; 

• FIG. 1 8B is a partial elevation of one embodiment of a catheter with a protuberance 
and a linear nonradial slit valve and FIG. 1 8 A is a cross-sectional view of the catheter 
and slit valve of FIG. 18B taken at line 18A-18A; 

• FIG. 19B is a partial elevation of another embodiment of a catheter with a 
protuberance and a linear nonradial slit valve and FIG. 19A is a cross-sectional view 
of the catheter and slit valve of FIG. 19B taken at line 19A-19A; 

• FIG. 20B is a partial elevation of yet another embodiment of a catheter with a 
protuberance and a linear nonradial slit valve and FIG. 20A is a cross-sectional view 
of the catheter and slit valve of FIG. 20A taken at line 20A-20A; 

• FIG. 2 IB is a partial elevation of still another embodiment of a catheter with a 
protuberance and a linear nonradial slit valve and FIG. 21 A is a cross-sectional view 
of the catheter and slit valve of FIG. 21B taken at line 21 A-21A; 

• FIG. 22 is a schematic cross-sectional view of one embodiment of a catheter with two 
protuberances and two nonradial slit valves; 

• FIG. 23 is a cross-sectional view of the catheter of FIG. 22 during infusion; 

• FIG. 24 is a cross-sectional view of the catheter of FIG. 22 during aspiration; 

• FIG, 25 is a cross-sectional view of an another embodiment of a catheter with two 
protuberances and two nonradial slit valves; 

• FIG. 26 is a cross-sectional view of the catheter of FIG. 25 during infusion; 

• FIG. 27 is a cross-sectional view of the catheter of FIG. 25 during aspiration; 
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• FIG. 28 is a longitudinal cross-sectional view of a catheter with two offset 
protuberances; 

• FIGS. 29A-D are partial elevations of catheters with various compound slit valves; 

• FIGS. 3 OA and 3 OB are a partial elevation and an end view of a catheter with a 
tricuspid slit valve; 

• FIG. 3 1 A is a partial elevation of one embodiment of a catheter and cap assembly 
with a linear nonradial slit valve located in the cap and FIG. 3 IB is a cross-sectional 
view of the catheter and cap assembly of FIG. 31 A taken at line 31B-31B; 

• FIG. 32A is a partial elevation of one embodiment of a catheter and cap assembly 
with a tricuspid slit valve located in the cap and FIG. 32B is a cross-sectional view of 
the catheter and cap assembly of FIG. 32A taken at line 32B-32B; 

• FIGS. 33A and 33B are a partial elevation and an end view of one embodiment of a 
dual lumen catheter and cap assembly with two compound slit valves located in the 
cap; 

• FIGS. 34 A and 34B are a partial elevation and an end view of one embodiment of a 
dual lumen catheter with two compound slit valves; 

• FIGS. 35A-C are partial elevations of various catheters and cap assemblies; 

• FIGS. 36A and 36B are a partial elevation and an end view of a catheter and cap 
assembly with a slotted cap and a nonlinear nonradial slit valve located in the cap; and 

• FIGS. 36C and 36D are cross-sections of the catheter and cap assembly shown in 
FIGS 36A and 36B taken at lines 36C-36C and 36D-36D, respectively. 

Description 

[0026] Referring to FIG. 1, a catheter 2 is placed through and/or beneath the skin 4 and into a 
vessel 6 of a patient for either infusing a fluid (such as a drug, nutrient, blood, or other body 
fluid) into the body and/or aspirating a fluid from the body. The catheter 2 includes an elongated 
member 7 (of a biocompatible material, such as a polymeric material) that has an external surface 
8 exposed to the body environment and an internal surface 9 defining a lumen 10, the lumen 10 
extends longitudinally along at least a portion of the catheter 2. Various permutations of the 
catheter 2 will be described hereinbelow with respect to various aspects of the invention and 
accompanying figures. The lumen 10 is closed at the distal end 12 of the catheter 2 and can be 
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accessed at the proximal end 13 through a fitting 14, for example a standard luer lock, which is 
connected to a syringe 16 or other suitable device for injecting or withdrawing fluid from the 
lumen 10. 

[0027] The portion of the catheter 2 that is inserted into the vessel 6 has a slit valve 20, 
which permits fluid communication between the body environment and the lumen 10 by varying 
the pressure in the lumen (P L ) relative to the pressure in the body environment (P E ). 
[0028] FIGS. 2A and 2B illustrate a known medical device 30 that includes a catheter 32 (for 
simplicity, only a portion of the catheter is shown) with a radial slit valve 34. The catheter 32 
has an external surface 36 and an internal surface 38 and defines a lumen 40. As can be seen, the 
slit 34 extends radially between the external surface 36 and the internal surface 38. In other 
words, a line passing through the slit 34 would pass through the center point 3 1 of the lumen 40, 
[0029] FIGS. 3A and 3B illustrate a medical device 50 that includes a catheter 52 and a 
nonradial slit valve 54. The catheter 52 has an external surface 56 and an internal surface 58 and 
defines a lumen 60. The external surface 56 and internal surface 58 define the catheter wall 57. 
The wall thickness will vary as necessary depending on the application, e.g., where the catheter 
will be used, the overall size of the catheter, the pressures the catheter will be exposed to, and the 
material stiffness required. Generally, the wall thickness should be such that the catheter 52 
remains flexible enough to allow the slit valve 54 to function properly, but is stiff enough to 
resist the unintentional influx of blood in to the lumen(s). In addition, the wall thickness may 
vary about the catheter diameter and/or along the length of the catheter. Further, the catheter 52 
has a generally circular cross-section; however, the cross-section could be any suitable shape, for 
example elliptical, rectangular, or oval. 

[0030] The slit valve 54 is linear and generally longitudinally disposed on the catheter 52. 
The slit 54 extends nonradially between the external surface 56 and the internal surface 58. The 
slit 54 facilitates communication between the lumen 60 and an environment external to the 
catheter 52 by opening and closing in response to pressure changes in either the lumen or the 
environment or both. As discussed above, the nonradial slit 54 allows the valve to flex more 
easily than a conventional radial slit as shown in FIG. 2A. The nonradial slit 54 intersects with a 
radial line 62 to form an included angle (a). The angle a shown in FIG. 3A is approximately 45 
degrees; however, a could range from about 1 degree to about 179 degrees in any of the 
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embodiments. Furthermore, the slit valve 54 is preferably disposed on a distal portion of the 
catheter 52 to reduce dead space at the distal end of the catheter, where blood or other fluids may 
collect; however, the slit valve 54 may be located at any location along the catheter 52. 
[0031] FIG. 4A depicts the catheter 52 of FIG. 3A during infusion. FIG. 4B depicts the 
catheter 32 of FIG. 2 A during infusion. As can be seen, the walls 55 of the nonradial slit valve 
move apart for infusion of fluids as opposed to moving outwardly, as occurs with the radial slit 
valve 34. Therefore, nonradial slit valve 54 has a greater opening during operation than the 
radial slit valve 34. A further discussion of the operation of various embodiments of the 
nonradial slit valves can be found hereinbelow with respect to FIGS 15A-C and 22-27. 
[0032] FIGS. 5A and 5B illustrate a medical device 70 that includes a catheter 72 and two 
nonradial slit valves 74. The catheter 72 has an external surface 76 and an internal surface 78 
and defines a lumen 80. The slit valves 74 are linear and generally longitudinally disposed on the 
catheter 72. The slits 74 extend nonradially between the external surface 76 and the internal 
surface 78. The slits 74 facilitate communication between the lumen 80 and an environment 
external to the catheter 72. As discussed with respect to FIGS. 3A and 3B, each nonradial slit 74 
is oriented such that a line passing through the slit 74 would intersect with radial line 82 to form 
an included angle (a). The angle a shown in FIG. 5A is approximately 30 degrees. The slits 74 
may be disposed symmetrically about radial line 82 and oriented such that lines passing through 
the slits 74 would converge at a point external to the catheter 72. In any of the embodiments 
described herein, the circumferential spacing between the slit valves can be varied as necessary. 
In addition, the medical device is not limited to two slit valves, but may have as many valves as 
is practical. 

[0033] FIGS. 6A and 6B illustrate a medical device 90 that includes a catheter 92 and two 
nonradial slit valves 94. The catheter 92 has an external surface 96 and an internal surface 98 
and defines a lumen 100. The slit valves 94 are linear and generally longitudinally disposed on 
the catheter 92. The slits 94 extend nonradially between the external surface 96 and the internal 
surface 98. The slits 94 facilitate communication between the lumen 100 and an environment 
external to the catheter 92. As discussed above, each nonradial slit 94 is oriented such that a line 
passing through the slit 94 would intersect a radial line 1 02 to form an included angle (a). The 
angle a shown in FIG. 6A is approximately 45 degrees. The slits 94 may be disposed 
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symmetrically about radial line 102 and oriented such that lines passing therethrough would 
diverge from a point external to the catheter 92. 

[0034] FIGS. 7 A and 7B illustrate a medical device 1 1 0 that includes a catheter 1 12 and a 
nonradial slit valve 1 14. The catheter 1 12 has an external surface 1 16 and an internal surface 
1 1 8 and defines a lumen 120. The slit valve 1 14 is nonlinear and generally longitudinally 
disposed on the catheter 1 12. The slit valve 1 14 includes an angle (P). The angle p shown is 
approximately 120 degrees; however, P could be any angle from about 45 degrees to about 179 
degrees. Also, the slit valve 1 14 may include more than one angle. The slit 1 14 extends 
nonradially between the external surface 1 1 6 and the internal surface 1 1 8. The slit 1 14 facilitates 
communication between the lumen 120 and an environment external to the catheter 112. As 
discussed above, the nonradial slit 114 intersects a radial line 122 to form an included angle (a). 
The angle a shown is approximately 45 degrees. 

[0035] FIGS. 8A-8C illustrate a medical device 130 that includes a catheter 132 and a 
nonradial slit valve 134. The catheter 132 has an external surface 136 and an internal surface 
138 and defines a lumen 140. The slit valve 134 is nonlinear and generally longitudinally 
disposed on the catheter 132. The slit valve 132 depicted in FIG. 8B includes a major curved 
portion 135 having a radius (R) and two smaller curved portions 137, each having a radius (R') 
and disposed at an end of the slit valve 134. Alternatively the slit valve 134 may include only a 
single curve, as shown in FIG. 8C. The slit 134 extends nonradially between the external surface 
136 and the internal surface 138. The slit 134 facilitates communication between the lumen 140 
and an environment external to the catheter 132. As discussed above, the nonradial slit 134 
intersects a radial line 142 to form an included angle (a). The angle a shown is approximately 45 
degrees. 

[0036] FIGS. 9A and 9B illustrate a medical device 150 that includes a catheter 1 52 and two 
nonradial slit valves 154. The catheter 152 has an external surface 156 and an internal surface 
158 and defines a lumen 160. The slit valves 154 are nonlinear and generally longitudinally 
disposed on the catheter 152. The slit valves 154 each include a major curved portion 155 
having a radius (Rl, R2) and two smaller curved portions 157, each having a radius (Ri\ R 2 '), 
disposed at the ends of the slit valve 154. Alternatively, each slit valve 154 may include only a 
single curve. In the embodiment shown, Ri and R 2 and Ri' and R 2 ' are approximately equal; 
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however, the dimensions of the slit valves 154 can be varied to suit a particular application. The 
slits 154 extend nonradially between the external surface 156 and the internal surface 158. The 
slits 154 facilitate communication between the lumen 160 and an environment external to the 
catheter 152. As discussed above, each nonradial slit 154 is oriented such that a line passing 
through the slit 154 would intersect a radial line 162 to form an included angle (a). The angle a 
shown is approximately 30 degrees. The slits 154 may be disposed symmetrically about radial 
line 162 and oriented such that lines passing therethrough would converge at a point external to 
the catheter 152. Alternatively, the slits 154 may be oriented such that lines passing therethrough 
would diverge from a point external to the catheter 152 

[0037] FIGS. 10A and 10B illustrate a medical device 170 that includes a catheter 172 and 
two nonradial slit valves 174. The catheter 172 has an external surface 176 and an internal 
surface 178 and defines a lumen 180. The slit valves 174 are linear and generally longitudinally 
disposed on the catheter 172. In addition, the slit valves 174 are longitudinally offset. The slits 
174 extend nonradially between the external surface 176 and the internal surface 178. The slits 
174 facilitate communication between the lumen 180 and an environment external to the catheter 
172. As discussed above, each nonradial slit 174 is oriented such that a line passing through the 
slit 174 would intersect with radial line 182 to form an included angle (a). The angle a shown is 
approximately 45 degrees. The slits 174 may be disposed symmetrically about radial line 182 
and oriented such that lines passing therethrough would diverge from a point external to the 
catheter 172. Alternatively, the slits 174 may be oriented such that lines passing through the slits 
174 would converge at a point external to the catheter 172. 

[0038] FIG. 1 1 illustrates a medical device 190 in cross-section. The medical device 190 
includes a catheter 192 and four nonradial slit valves 200. The catheter 192 has an external 
surface 194 and two internal surfaces 196, 197. Each internal surface 196, 197 defines a lumen 
198, 199. The lumens 198, 199 are shown having a "D" shape; however, each lumen 198, 199 
can have any suitable shape. For example, FIG. 12 depicts a catheter 192' having two circular 
lumens 198', 199', and FIG. 13 depicts a catheter 192" having a rectangular lumen 198" and a 
"D" shaped lumen 199". In addition, the catheter 192 is not limited to two lumens 198, 199, and 
may have as many lumens as is practical. 
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[0039] The slit valves 200 are generally longitudinally disposed on the catheter 192 and may 
be linear or nonlinear. Two slits 200a,b extend nonradially between external surface 194 and 
internal surface 197 and two slits 200c,d extend nonradially between external surface 194 and 
internal surface 198. The slits 200 facilitate communication between the lumens 198, 199 and an 
environment external to the catheter 192. As discussed above, each nonradial slit 200 is oriented 
such that a line passing through the slit 200 would intersect a radial line 201 to form an included 
angle (a). Slits 200a,b are disposed symmetrically about radial line 201 and are oriented such 
that lines passing through slits 200a,b would converge at a point external to the catheter 192. 
Slits 200c,d are disposed symmetrically about radial line 201 and are oriented such that lines 
passing through slits 200c,d would diverge from a point external to the catheter 192. 
[0040] FIG. 14 illustrates a medical device 210 in cross-section. The medical device 210 
includes a catheter 202 and two nonradial slit valves 204. The catheter 202 has an external 
surface 206 and two internal surfaces 207, 208. Each internal surface 207, 208 defines a 
generally D-shaped offset lumen 212, 213. Essentially, the lumens 212, 213 are offset to form a 
thickened wall portion for the slits 204. The slit valves 204 are longitudinally disposed on the 
catheter 202 and may be linear or nonlinear. Slit 204a extends nonradially between the external 
surface 206 and internal surface 208 and slit 200b extend nonradially between the external 
surface 206 and internal surface 207. The slits 204 are disposed in the area of the catheter having 
a thickened wall portion. The slits 204 facilitate communication between the lumens 212, 213 
and an environment external to the catheter 202. As discussed above, each nonradial slit 204 is 
oriented such that a line passing through the slit 204 would intersect a radial line 203 to form an 
included angle (a). It should be noted that the medical devices described herein are not limited to 
any specific number or combination of lumens and slit valves, but may have any number or 
combination as is practical for a specific application. 

[0041] FIGS. 15A-15C depict a medical device 220 including a catheter 221 with a nonradial 
slit valve 222 during various stages of operation. The catheter 221 has an external surface 224 
and an internal surface 226 and defines a lumen 228. The catheter 221 has a generally circular 
cross-section and the lumen 228 is eccentric with respect to the external surface 224. Generally, 
a catheter slit valve with an eccentric lumen is easier to manufacture, because fewer steps are 
required. For example, no chemical weakening of the catheter wall opposite or adjacent the slit 
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is required. Also, the combination of a nonradial slit and an eccentric lumen results in a larger 
aperture for aspiration. The slit valve 222 is located in the area of the greatest wall thickness 
(thickened wall portion 223) and is consistent with the various embodiments of slit valves 
previously discussed. The area of the catheter 221 opposite the thickened wall portion 223 has 
the thinnest wall (thinned wall portion 225). The thinned wall portion 225 acts like a hinge 
during infusion. 

[0042] In FIG. 1 5 A, the slit valve 222 is shown in the sealed condition, where the lumen 
pressure Pl is essentially equal to the environmental pressure P E . FIG. 15B depicts the slit valve 
222 in infusion mode. The pressure within the lumen 228 is increased with respect to the 
environmental pressure, thereby causing the catheter walls 227 adjacent the slit 222 to begin to 
move apart, allowing infusion of fluid to the external environment. FIG. 15C depicts the slit 
valve 222 in aspiration mode. As the lumen pressure decrease with respect to the environmental 
pressure, one side of the slit valve 222 yields, or flexes inwardly, to allow fluid to enter the 
catheter lumen 228. More specifically, as the lumen pressure decreases, a change in the catheter 
cross-section occurs involving a large portion of the wall, which deflects as a result of the 
decreased internal pressure. The geometry of the lumen 228 and nonradial slit 222 results in an 
improved aspiration function with respect to conventional radial slit valves (see FIGS. 2 A and 
2B). The improved function is defined, in part, by a reduced pressure required to initially open 
the valve 222, improved volume flow, and a reduction of valve sticking, which can occur in 
conventional radial slit valves. 

[0043] FIGS. 16A and 16B illustrate a medical device 230 that includes a catheter 232 and a 
nonradial slit valve 234. The catheter 232 has an external surface 236 and an internal surface 
238 and defines a lumen 240. The slit valve 234 is linear and generally longitudinally disposed 
on the catheter 232. The slit 234 extends nonradially between the external surface 236 and the 
internal surface 238 and facilitates communication between the lumen 240 and an environment 
external to the catheter 232. The nonradial slit 234 intersects with a radial line 242 to form an 
included angle (a). The angle a shown is approximately 45 degrees. The medical device 230 
further includes a laminate 235 disposed on the external surface 236. The laminate 235 begins at 
the slit 234 and extends up to about 225 degrees about the external surface 236. In an alternative 
embodiment shown in FIGS. 17A and 17B, the laminate 235 begins about 45 degrees from the 
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slit 234 and extends up to about 225 degrees from the slit 234. The laminate 235 stiffens the 
catheter wall to facilitate the operation of the slit valve. Specifically, the non-laminated side of 
the slit 234 is more flexible than the laminated side and should cause the non-laminated side to 
yield reliably with respect to the laminated side. In this particular embodiment, it is preferred 
that the nonradial slit be cut towards the laminated side. The laminate 235 may be constructed of 
the same material as the catheter 232, for example polyurethane or silicone, but preferably with a 
higher durometer. Catheter materials are discussed in greater detail hereinbelow. The laminate 
235 may be attached to the catheter 232 by adhesive bonding, solvent bonding, or similar 
technique. Generally, solvent bonding includes using a solvent to facilitate fusing of the 
laminate 235 with the catheter 232. 

[0044] FIGS. 1 8A and 1 8B illustrate a medical device 250 that includes a catheter 252, a 
protuberance 253, and a nonradial slit valve 254. The catheter 252 has an external surface 256 
and an internal surface 258 and defines a lumen 260. The protuberance 253 is disposed on the 
external surface 256 of the catheter 252. The function of the protuberance 253 is discussed 
hereinafter with respect to FIGS. 22-27. The size and shape of the protuberance 253 may vary 
and is described in greater detail with respect to FIG. 22. The slit valve 254 extends through the 
protuberance 253 and both are linear and generally longitudinally disposed on the catheter 252. 
The slit 254 extends nonradially from the external surface 256, through the protuberance 253, 
and to the internal surface 258. The slit 254 facilitates communication between the lumen 260 
and an environment external to the catheter 252. The nonradial slit 254 intersects with a radial 
line 262 to form an included angle (a). The angle a shown is approximately 45 degrees. 
[0045] FIGS. 19A and 19B illustrate a medical device 270 that includes a catheter 272, a 
protuberance 273, and a nonradial slit valve 274. The catheter 272 has an external surface 276 
and an internal surface 278 and defines a lumen 280. The protuberance 273 is disposed on the 
internal surface of the catheter. The function of the protuberance 273 is discussed hereinafter 
with respect to FIGS. 22-27. As discussed above, the size and shape of the protuberance may 
vary. The slit valve 274 extends through the protuberance 273 and both are linear and generally 
longitudinally disposed on the catheter 272. The slit 274 extends nonradially between the 
external surface 276 and the internal surface 278 and facilitates communication between the 
lumen 280 and an environment external to the catheter 272. The nonradial slit 274 intersects 
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with a radial line 282 to form an included angle (a). The angle a shown is approximately 45 
degrees. 

[0046] FIGS. 20A and 20B illustrate a medical device 290 that includes a catheter 292, a 
protuberance 293, and a nonradial slit valve 294. The catheter 292 has an external surface 296 
and an internal surface 298 and defines a lumen 300. The protuberance 293 is disposed on the 
external surface 296 of the catheter 292 and acts to reinforce one side of the slit valve 294, 
similar to the laminate 235 of FIGS. 16A and 16B. As discussed above, the size and shape of the 
protuberance may vary. The slit valve 294 is disposed adjacent to the protuberance 293 and both 
are linear and generally longitudinally disposed on the catheter 292. The slit 294 extends 
nonradially between the external surface 296 and the internal surface 298 and facilitates 
communication between the lumen 300 and an environment external to the catheter 292. The 
nonradial slit 294 intersects with a radial line 302 to form an included angle (a). The angle a 
shown is approximately 45 degrees. 

[0047] FIGS. 21 A and 21B illustrate a medical device 310 that includes a catheter 312, a 
protuberance 313, and a nonradial slit valve 314. The catheter 312 has an external surface 316 
and an internal surface 3 1 8 and defines a lumen 320. The protuberance 3 1 3 is disposed on the 
internal surface 318 of the catheter 312. The protuberance 313 acts to stiffen one side of the 
valve 3 14, and has a similar effect as the laminate 235 discussed hereinabove. As discussed 
above, the size and shape of the protuberance may vary. The slit valve 314 is disposed adjacent 
to the protuberance 313 and both are linear and generally longitudinally disposed on the catheter 
312. The slit 3 1 4 extends nonradially between the external surface 3 1 6 and the internal surface 
3 18 and facilitates communication between the lumen 320 and an environment external to the 
catheter 3 12. The nonradial slit 3 14 intersects with a radial line 322 to form an included angle 
(a). The angle a shown is approximately 45 degrees. 

[0048] Figs. 22-24, illustrate a medical device including a catheter 328 and a pair of slit 
valves 332, 334 in a series of cross-sectional views. In this embodiment, the catheter cross- 
section is circular; however, the cross-section could be any suitable shape, for example elliptical, 
rectangular, or oval. In FIG. 22, the valves 332, 334 are shown in the sealed condition, where the 
lumen pressure P L is essentially equal to the environmental pressure P E . The first valve 332 is 
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used only for aspiration. The second valve 334 is used only for infusion. Each valve 332, 334 
includes a nonradial slit 336, 338. The slits 336, 338 may be linear or nonlinear. 
[0049] The valves 332, 334 also include protuberances 340, 342 that project from the 
catheter 328 and are disposed opposite each other. In this case, both valves 332, 334 have the 
same generally convex external surface 335, with the protuberances 340, 342 arranged to make 
the slit valves 332, 334 function as one-way valves in opposite directions; one one-way valve is 
for aspiration only and the other is for infusion only. The first slit valve 332 has a protuberance 
340 projecting from the internal surface 337 into the lumen 330 of the catheter 328. Slit 336 
extends through protuberance 340. The second valve 334 has a protuberance 342 projecting 
from the external surface 335 outward. Slit 338 extends through protuberance 342. As 
previously discussed, the slits 336, 338 extend nonradially between the external surface and the 
internal surface and intersect with a radial line to form an included angle (a). Also as previously 
discussed, the protuberances 340, 342 and slits 336, 338 may be disposed symmetrically about a 
radial line and oriented such that lines passing through the slits 336, 338 would diverge from a 
point external to the catheter 328 or converge at a point external to the catheter 328. 
[0050] Referring to FIG. 23, the pressure in the lumen 330 is increased, for example by 
depressing the plunger of the syringe 16 (see FIG. 1), which creates a condition where the lumen 
pressure P L is greater than the environment pressure P E . The increased lumen pressure acts upon 
the inwardly projecting protuberance 340 to create a greater sealing force (arrows 341) than in 
the absence of the protuberance 340. The secure seal prevents any uncontrolled infusion through 
the first slit valve 332. In the second valve 334, the increased lumen pressure creates a force 
(arrows 343) that causes the catheter wall to flex outwardly along a flexure region spaced from 
the slit 338. The protuberance 342 does not substantially inhibit the opening of the slit valve, 
thereby permitting a controlled infusion to take place. 

[0051] Referring to FIG. 24, the pressure within the lumen 330 is reduced by, for example, 
withdrawing the plunger of the syringe 16 (see FIG. 1). In the first valve 332, the reduced 
pressure causes the catheter wall to flex inwardly along flexure regions 344. The protuberance 
340 does not substantially interfere with the inward flexing of the valve, thereby permitting 
controlled aspiration of fluid through the valve 332. In the second valve 334, the protuberance 
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342 resists inversion or collapse, thereby preventing uncontrolled aspiration through the second 
valve 334. 

[0052] The protuberances 340, 342 assist valve operation by projecting into the environment 
or lumen 330. For example, projection of a protuberance into a lumen increases sealing forces 
on the slit when the pressure in the lumen is increased, because the protuberance modifies the 
contour about the slit such that the components of pressure vectors perpendicular to the slit are 
larger. The protuberances 340, 342 illustrated in FIGS. 22-24 are generally hemispherical in 
shape with geometrical inflections 346, 346' at the location of greatest projection and further 
geometrical inflections 348, 348' and 350, 350' near or at the boundaries of the protuberances 
340, 342, where projection from the catheter 328 begins. Referring to FIG. 28, it can be seen that 
these protuberances 340, 342 also have short axial projections (L) that generally correspond to 
the length of the slit 336, 338. 

[0053] The shape and dimensions of a protuberance may vary. The width of the 
protuberance (W) is preferably about twice the thickness (T) of the catheter body adjacent the 
protuberance or less. The length (L) generally corresponds to the length of the slit, but may be 
significantly greater in length than the slit and may act to stiffen the catheter. The projection of a 
protuberance (P) into a lumen is preferably equal to or less than the lumen diameter. The 
protuberance may project across substantially the entire width of a lumen. The projection from 
the outer surface of a catheter is preferably equal to or less than the outer diameter of the catheter. 
The protuberance may project from a catheter body having an otherwise uniform geometrical 
configuration, as indicated above, or the protuberance may project from a catheter body having 
an irregular or contoured inner and/or outer wall surface. The inflection points on either side of 
the protuberance are preferably spaced from the flexure or hinge region of the valve. The 
protuberance may also be asymmetrical in cross-section and may not have inflections at its 
boundaries, but instead extend smoothly from the otherwise uniform thickness and profile of the 
catheter wall. The protuberance may be oblong in shape. 

[0054] One advantage of the embodiment shown in FIGS . 22-24 is that the catheter 328 may 
be operated at higher lumen pressures during infusion without inversion of the first valve 332, 
which could lead to leaks or uncontrolled infusion. Similarly, the outwardly extending 
protuberance 342 of the second valve 334 enhances sealing during aspiration through the first 
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valve 332. Higher vacuum can be used during aspiration without inversion of the second valve 
334. Alternatively, the catheter 328 can be arranged for operation at lower pressure differentials 
for both infusion and aspiration. For example, the body of the catheter 328 can be made of a 
weakened or thin-walled construction. The protuberance 342 of the second valve 334 prevents 
collapse of the second valve 334 during aspiration. During infusion through the second valve 
334, the protuberance 340 of the first valve 332 prevents outward inversion. Further, a 
protuberance can be used to make a one-way valve from a valve that would ordinarily operate for 
both infusion and aspiration. For example, the valve wall may be weakened by chemical 
treatment or by reducing the thickness of the polymer, which would ordinarily encourage valve 
action in either direction; however, a protuberance may be used to prevent valve action in one 
direction. 

[0055] FIGS. 25-27 illustrate an alternative embodiment of the medical device of FIG. 22. 
The medical device includes a catheter 350 and a pair of slit valves 352, 354 in a series of cross- 
sectional views. In this embodiment, the first valve 352 is used for aspiration. It includes an 
external surface 353 that is generally concave and a slit 356 through the external surface 353 of 
the concave region. The concave surface assists opening of the slit 356 by inward flexing of the 
catheter wall when a low pressure condition exists in the lumen 360, thus facilitating aspiration. 
The second valve 354 has a generally convex external surface 355. The convex surface assists 
opening of the slit 358 by outward flexing of the catheter wall when pressure is increased in the 
lumen 360, which facilitates infusion. 

[0056] Both valves 352, 354 include a protuberance 362, 364. In the first valve 352, the 
protuberance 362 projects into the lumen 360. In the second valve 354, the protuberance 364 
projects radially outward into the environment. Slit 356 extends through protuberance 362 and 
slit 358 extends through protuberance 364. 

[0057] During infusion, the inwardly projecting protuberance 362 enhances sealing of the 
first valve 352 (FIG. 26) when lumen pressure is increased to open the second valve 354. During 
aspiration, fluid is aspirated through the first valve 352 (FIG. 27), without interference from the 
protuberance 362, while sealing is enhanced at the second valve 354 by the outward projecting 
protuberance 364. The protuberance 362 on the infusion valve prevents inversion at the 
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somewhat higher pressure differentials needed for operation of an aspiration valve with a convex 
outer surface. 

[0058] Alternatively, both valves 352, 354 could have concave outer surfaces 353, with the 
first valve 352 having an inwardly projecting protuberance 362 and the second valve 354 having 
an outwardly projecting protuberance 364. The first valve 352 would be used for aspiration and 
the second valve 354 would be used for infusion. 

[0059] In yet another alternative embodiment, both the first and second valves 352, 354 
could include outwardly projecting protuberances and/or protuberances of unequal dimensions. 
For example, the first valve protuberance 362 projects less than the second valve protuberance 
364. For aspiration, a controlled lumen pressure causes the first valve 352 to invert while the 
larger protuberance 364 in the second valve 354 prevents inversion. For infusion, an increase in 
pressure causes both first and second valves 352, 354 to open. 

[0060] FIG. 28 is a longitudinal cross-section of the embodiment depicted in FIGS. 22-24. 
The catheter 328 has a first valve 332 that includes an inwardly projecting protuberance 340 and 
a second valve 334 that includes an outwardly projecting protuberance 342. The valves 332, 334 
and protuberances 340, 342 are disposed opposite each other. In addition, the valves 332, 334 
and protuberances 340, 342 are longitudinally offset. 

[0061] FIG. 29A illustrates a medical device 368 that includes a catheter 370 and a 
compound slit valve 372. The catheter 370 has an internal surface 374 and an external surface 
376 and defines a lumen 378. The compound slit valve 372 is tricuspid in shape and includes 
three generally linear slits 371 disposed on the catheter 370 and extending between the external 
surface 376 and the internal surface 374. The slits 371 facilitate communication between the 
lumen 378 and an environment external to the catheter 370. The slits 371 extend outwardly from 
a common origin and are equiangularly spaced, i.e., 9 equals 120 degrees. However, the value of 
0 may vary from about 90 degrees to about 180 degrees. In alternative embodiments, the catheter 
370 may include multiple compound slit valves 372 or multiple lumens 378 or both. In addition, 
the catheter 370 may include a combination of compound slit valves and nonradial slit valves. 
[0062] Fig. 29B illustrates a medical device 368 that has a cross-shaped compound slit valve 
272. Fig. 29C illustrates a medical device 368 that has a T-shaped compound slit valve 272. Fig. 
29D illustrates a medical device 368 that has a double T-shaped compound slit valve 272. The 
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compound slit valve 372 can be oriented in any direction on the catheter 370, and can be 
disposed on a distal end of the catheter 370. As discussed with respect to FIG. 29 A, the 
compound slit valve 372 includes a plurality of intersecting slits 371 . The slits 371 shown in 
FIGS. 29B-29D intersect at right angles, i.e., 6 equals 90 degrees; however, the value 0 of may 
vary from about 1 degree to about 179 degrees. 

[0063] FIGS. 30A and 30B illustrate an alternative embodiment of the medical device 368 of 
FIG. 29A. The medical device 368 includes a catheter 370 and a tricuspid slit valve 372 
disposed on a forward-facing distal tip 373 of the catheter 370. In this embodiment, the tip 373 
has a generally convex, hemispherical outer surface. As depicted in FIG. 29A, the catheter 370 
has an internal surface 374 and an external surface 376 and defines a lumen 378. The slit valve 
372 includes three generally linear slits 371 extending between the external surface 376 and the 
internal surface 374. The slits 371 extend outwardly from a common origin and are 
equiangularly spaced, i.e., 0 equals 120 degrees. Also in this embodiment, the catheter 370 
includes a collar 375 disposed about the distal tip 373. The collar 375 helps to stiffen the valve 
372 to reduce the possibility of leakage. Furthermore, a catheter 370 with a slit valve 372 at the 
distal tip 373 may make placement of the medical device 368 over a guidewire (not shown) 
easier. 

[0064] FIGS. 3 1 A and 3 IB illustrate a medical device 380 that includes a catheter 382 and a 
cap 384 with a nonradial slit valve 386. The catheter 382 is essentially the same as any of the 
catheters described herein, e.g., the catheter 382 defines a lumen 383. The cap 384 has an 
external surface 387 and an internal surface 385 and also defines a lumen 389. The slit valve 386 
depicted is linear and generally longitudinally disposed on the cap 384; however, as discussed 
hereinabove, the slit valve could be nonlinear. The slit 386 extends nonradially between the 
external surface 387 and the internal surface 385 of the cap 384. The slit 386 facilitates 
communication between an environment external to the catheter 382 and lumens 383, 389. As 
discussed with respect to FIG. 3, the nonradial slit 386 is oriented such that a line passing 
through the slit 386 would intersect with radial line 390 to form an included angle (a). 
[0065] The cap 3 84 can be coupled to the catheter 382 by chemical or adhesive bonding or 
the cap 384 may be sized such that it is force fit over the catheter 382 and held in place by 
factional force. The cap 384 and catheter 382 are depicted as coupled in an overlapping fashion; 
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however, the cap 384 and catheter 382 may be coupled end to end. See FIGS. 35A-C for 
illustrations of various catheter and cap assemblies. 

[0066] FIGS. 32A and 32B depict an alternative embodiment of the medical device 380 of 
FIG. 3 1 A and 3 IB. The catheter 382 is essentially the same as any of the catheters described 
herein, e.g., the catheter 382 defines a lumen 383. The cap 384 is essentially the same as the cap 
described with respect to FIGS. 31 A and 31B; however, the cap 384 has a tricuspid slit valve 392 
as opposed to a nonradial slit valve 386. 

[0067] FIGS. 33A and 33B illustrate a medical device 400 that includes a catheter 402 and a 
cap 404 with a compound slit valve 416. The catheter 402 has an external surface 406 and two 
internal surfaces 408, 409 and defines two lumens 412, 414. The cap 404 has an external surface 
407 and two internal surfaces 419, 420 and also defines two lumens 413, 415. The slit valves 
416 depicted are T-shaped compound slits disposed on a distal end 421 of the cap 404. Slit 416a 
extends between external surface 407 and internal surface 420 of the cap 404 and facilitates 
communication between an environment external to the catheter 402 and lumens 412, 413. Slit 
416b extends between external surface 407 and internal surface 419 of the cap 404 and facilitates 
communication between an environment external to the catheter 402 and lumens 414, 415. The 
cap 404 may be coupled to the catheter 402 by any of the methods described herein. 
[0068] FIGS. 34A and 34B depict side and end views of an alternative embodiment of the 
medical device of FIGS. 33 A and 33B, but without the cap 404. The catheter 402 has an external 
surface 406 and two internal surfaces 408, 409 and defines two lumens 412, 414. The slit valves 
416 depicted are T-shaped compound slits disposed on a distal end 410 of the catheter 402. Slit 
416a extends between external surface 406 and internal surface 408 of the catheter 402 and 
facilitates communication between an environment external to the catheter 402 and lumen 412. 
Slit 416b extends between external surface 406 and internal surface 409 of the catheter 402 and 
facilitates communication between an environment external to the catheter 402 and lumens 414. 
[0069] FIGS. 35A-C depict various catheter and cap assemblies. In FIG. 35A, the catheter 
382 is coupled to the cap 384 by a conduit 391. The conduit 391 has an outside diameter the 
same or slightly larger than the catheter's inside diameter. The conduit 391 is force fit within the 
lumen 383 of the catheter 382 and maintained in position by friction and/or an adhesive. The 
outside diameter of the conduit 391 is also the same or slightly larger than an inside diameter of 
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the cap 384. The cap 384 is force fit over the conduit 391 and maintained in position by friction 
and/or an adhesive. The conduit 391 connects the catheter 382 and cap 384 and facilitates 
communication between the lumens 383, 389. FIG. 35B depicts the cap 384 force fit over an 
open end of the catheter 382, as also shown in FIG. 31 A. The cap 384 has an inside diameter the 
same or smaller than the outside diameter of the catheter 382, and is secured to the catheter 382 
by friction and/or an adhesive. FIG. 35C depicts a catheter 382 and cap 384 secured end to end. 
The inside diameters and/or outside diameters of the catheter 382 and cap 384 are approximately 
the same. The catheter 382 and cap 384 are secured at their abutting ends 393 by bonding, either 
by melting or chemical/solvent bonding. 

[0070] FIGS. 36A and 36B illustrate a medical device 430 that includes a catheter 432, a cap 
440, and valves 442, 446. FIGS. 36C and 36D are cross-sectional views of FIGS. 36A and 36B, 
respectively, and illustrate the valves 442, 446 in operation. The catheter 432 is essentially the 
same as any of the catheters described herein, e.g., the catheter 432 defines a lumen 433. In 
addition, the catheter 432 defines an open distal end 434 and the wall 436 of the catheter 432 is 
designed to be collapsible at the open distal end 434 in response to a decrease in lumen pressure. 
The wall 436 of the catheter 432 can be designed to collapse by chemically weakening the wall 
436, by manufacturing the catheter of variable durometers, or by manufacturing the catheter 432 
with a reduced wall thickness in the area about the open distal end 434. In one embodiment, the 
wall 436 tapers down in the area around the open distal end 434 to improve the flexibility and 
collapsibility of the catheter 432 in the area of the distal open end 434. The cap 440 is essentially 
the same as the cap described with respect to FIGS. 31A and 31B; however, the cap 440 includes 
at least one slot valve 442 disposed on a proximal portion 444 of the cap 440. In the 
embodiment shown, the cap 440 defines a lumen 441 and two slots 444. The cap 440 is coupled 
to the catheter 432 in the manner described with respect to FIG. 35B. FIG. 36B is an end view of 
the catheter 432 and cap 440 assembly of FIG. 36A. The cap 440 has a nonlinear nonradial slit 
valve 446 disposed in the distal end 448 of the cap 440. 

[0071] FIG. 36C depicts the operation of the catheter slit valve during aspiration. The 
pressure within the lumen (P L ) is decreased with respect to the pressure of the external 
environment (P E ), which results in the catheter wall 436 collapsing about the area of the open 
distal end 434. The collapse of the wall 436 causes the wall 434 to move away from the cap 440, 
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thereby creating an opening between the cap 440 and the catheter wall 436 in the area of the slots 
442. Fluid is then able to enter the lumens 433, 441 via the slots 442, as shown by arrows 438. 
Once the lumen pressure returns to normal, i.e., P L is approximately equal to P E , the catheter 
wall 436 returns to normal, thereby sealing with the cap 440 to close the slots 442. 
[0072] FIG. 36D depicts the catheter slit valve during infusion. Infusion through the slit 
valve 446 is essentially the same as described hereinabove with respect to FIGS. 4A or 15B. 
Lumen pressure P L is increased with respect to environmental pressure P E , which causes the 
walls 447 adjacent the slit 446 to move apart, allowing infusion of fluid to the external 
environment, as shown by arrows 449. 

[0073] The various catheters described herein may be manufactured by, for example, 
injection molding or modifying an extruded tube. For example, extrusion may be used to provide 
a uniform polymeric tube, to which a hub is attached at one end and the other end is sealed. 
Insert molding can then be used to provide the desired geometry of the slit regions. The slits 
could then be created in the desired valve locations as a subsequent mechanical operation. Insert 
molding allows the tip to be formed of a material either identical to or dissimilar from the 
catheter tube. The molded details in the protuberances include axial cross-sectional geometry, 
protuberance longitudinal cross-sectional geometry, protuberance length, wall thickness, degree 
of concave/convex curvature, etc. Other manufacturing techniques include melting or otherwise 
adhering the catheter portions, for example protuberances, as components or post-forming an 
extruded tube. 

[0074] The biocompatible materials that can be used for the catheter include polymers, such 
as polyurethanes, silicones, polyethylenes, nylons, polyesters, and polyester elastomers. The 
material hardness typically is between 40 and 100 durometer. The size and shape of the device 
may vary as necessary for a particular medical application. In one example, the overall OD of the 
catheter is about 3-16 French. The overall length of the catheter is about 8-40 inches. For 
example, a 5 French catheter may have a substantially constant catheter body wall thickness, T 
(FIG. 22), of about 0.015 inch and a lumen diameter of about 0.035 inch. Protuberances are 
hemispherical, have a radial projection, P (FIG. 22), of about 0.015 inch, a longitudinal 
extension, E (FIG. 28), of about 0.200 inch and a width, W (FIG. 22), between boundary 
inflection points of about 0.030 inch. The slit may be formed by a cutting device, such as a 
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custom shaped razor in conjunction with a holding fixture, and may have a length of 0.200 inch. 
These dimensions are given for illustrative purposes only and are not meant to be limiting. 
[0075] In additional embodiments, the catheter and valve types can be used in various 
combinations to create various combinations of infusion and aspiration effects using the 
principles illustrated above. A protuberance could be used on a catheter with a single slit valve. 
The protuberance may be trimmed manually by a physician prior to placement in the body to 
select the pressure differential needed to operate the valve. The protuberance could continue a 
distance along the catheter, for example, substantially the length of the catheter. In catheters with 
multiple valves, an infusion valve may be positioned proximal of an aspiration valve for, for 
example flushing the downstream area of the catheter including the aspiration valve area with a 
urokinase, to dissolve fibrin deposits. Alternatively, an infusion valve may be positioned distal 
of the aspiration valve, preferably near the distal end of the catheter, to facilitate flushing the full 
length of the lumen and avoiding dead volume. The catheters can be used in the vascular system 
for central venous access to deliver, for example, drugs to a cancer patient. The catheter can be 
placed by the Seldinger technique. 

[0076] Having described certain embodiments of the invention, it will be apparent to those of 
ordinary skill in the art that other embodiments incorporating the concepts disclosed herein may 
be used without departing from the spirit and scope of the invention. The described 
embodiments are to be considered in all respects as only illustrative and not restrictive. 
[0077] What is claimed is: 
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